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We study the decay behaviors of ultracold atoms in metastable states with spin-orbit coupling
(SOC), and demonstrate that there are two SOC-induced decay mechanisms. One arises from
the trapping potential and the other is due to interatomic collision. We present general schemes
for calculating decay rates from these two mechanisms, and illustrate how the decay rates can be
controlled by experimental parameters. We experimentally measure the decay rates over a broad
parameter region, and the results agree well with theoretical calculations. This work provides an
insight for both quantum simulation involving metastable dressed states and studies on few-body
problems with SO coupling.
PACS numbers: 67.85.De, 03.75.Kk, 67.85.Fg
Recently, synthetic magnetic field and a restricted
class of spin-orbit coupling (SOC) have been success-
fully realized in ultracold atoms [1–8]. In addition, many
schemes have been proposed to create general gauge fields
[9]. These will bring about novel quantum systems of
spin-orbit coupled atoms that display many interesting
phases [10–16]. However, in many of these proposals, one
or more metastable states, e.g. dark states, play essen-
tial roles. Thus, the lifetime of atoms in the metastable
states becomes crucial in practical implementation of
these schemes.
In this work, we carry out a thorough and quantita-
tive study of the decay behavior of excited dressed states
with SOC. We find that, due to the SOC, decay mech-
anisms can arise both from single-atom motion in inho-
mogeneous trap potential and from two-body collisions.
The trap-induced decay rate is determined by the trap
frequency, while the collisional decay rate is controlled
by atomic density and scattering length. Further, we
present rigorous methods for calculating decay rate for
each mechanism. Finally, we experimentally investigate
the decay behavior of a spin-orbit coupled 87Rb Bose-
Einstein condensate (BEC) prepared in a metastable
state for a broad parameter region. The experimental
results are compared to theoretical calculations, and the
excellent agreement supports the validity of our theory.
Our work provides a comprehensive understanding of
the SOC-induced decay and thus can serve as a valu-
able reference for experimental realization of proposals
involving metastable dressed states. For a given system
of interest, one can use our theory to figure out which
is the dominant mechanism, and then apply appropriate
approaches to control the stability of those metastable
states.
The trap-induced decay. The Hamiltonian of a single
atom with SOC is Hˆ1b = pˆ
2/(2m) + Mˆ(pˆ) + Vˆ (rˆ) ≡
Hˆ0(pˆ) + Vˆ (rˆ), with m the atomic mass, pˆ and rˆ the
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FIG. 1: (a and b): Sketch of the trap-induced decay mecha-
nism (a) and the collisional decay mechanism (b). (a) illus-
trates two steps of the trap-induced decay, and (b) illustrates
the two typical processes in the collisional decay.
atomic momentum and position operator, respectively,
and Vˆ (rˆ) the trap potential. The SOC is described by
the operator Mˆ(pˆ). For instance, for effective spin-1/2
systems in Refs. [3, 5], one has Mˆ(pˆ) = δσˆz/2+Ωσˆx/2+
2krpˆxσˆz , with σˆ the Pauli operators, δ the two-photon
detuning, kr the recoil momentum and Ω the Raman-
coupling strength.
Obviously, the eigen-state of Hˆ0 is |k〉|α(k)〉, where
|k〉 satisfies pˆ|k〉 = k|k〉 and the state |α(k)〉 in the spin
space is the eigen-state of Mˆ(k). If there were no SOC,
both Mˆ(k) and |α(k)〉 are k-independent. In this case,
the spin-independent trap potential Vˆ cannot induce the
transition between two eigen-states with different α, or
the decay from the excited spin state. In the presence of
SOC, both Mˆ(k) and |α(k)〉 depend on k. Thus, |α(k)〉
and |α′(k′)〉 with k 6= k′ can overlap with each other
even if α 6= α′. Due to this fact, Vˆ (rˆ) will couple two
dressed states with either different α, or different k, or
both, and thus induce the decay of atoms in the excited
dressed states.
Here the trap-induced decay process can be understood
as two steps as illustrated in Fig. 1(a). First atoms tun-
2nel from the initial state to the energy-conserved states in
the lower branch (the solid arrow). The rate Γ1b of this
process can be calculated by Fermi’s golden rule (FGR).
Second, due to the dissipation effects given by the colli-
sion between the condensate and the thermal atoms or by
other thermalization mechanisms, the atoms further de-
cay to states with lower energy (the dashed arrow). Here
we assume this thermalization process is much faster than
the first, and thus the total rate is given by Γ1b.
Now we investigate Γ1b in the momentum repre-
sentation. The atomic state |ψ(t)〉 at time t is
described by the spinor wave function |ψ(k, t)〉 ≡
〈k|ψ(t)〉, and we have rˆ = i∇k in this representa-
tion. The harmonic trap potential can be written
as Vˆ = −
∑
j=x,y,z(m/2)ω
2
j∂
2/∂k2j , which behaves as
the “kinetic energy” of the atom motion in the k-
space. Furthermore, |ψ(k, t)〉 can be expressed as
|ψ(k, t)〉 =
∑
α ψα(k, t)|α(k)〉. Then the Schro¨dinger
equation id|ψ(k, t)〉/dt = [Vˆ + Hˆ0(k)]|ψ(k, t)〉 can be re-
written as
i
dψα
dt
=
∑
β
Tαβψβ + Eα(k)ψα, (1)
where Eα(k) is the eigen-energy of Hˆ0 for |k〉|α(k)〉,
and Tαβ =
∑
j=x,y,zmω
2
j
∑
γ X
(j)
αγX
(j)
γβ /2 with X
(j)
αβ =
iδαβ∂/∂kj + i〈α(k)|∂/∂kj |β(k)〉. Obviously, the terms
i〈α(k)|∂/∂kj |β(k)〉 play the same role as the effective
gauge field in the Born-Oppenheimer adiabatic approx-
imation [17], and Tαβ (α 6= β) essentially quantifies the
rate of non-adiabatic transition between dressed states
with different quantum number α. The decay of the
atoms from the excited dressed state is induced by these
terms, and can be considered as the result of the non-
adiabatic events beyond the Born-Oppenheimer approx-
imation in the momentum space.
Suppose the initial atomic wave function is |ψi(k)〉 =
φ(k)|α(k)〉, with φ(k) satisfying [Tαα + Eα(k)]φ(k) =
εφ(k). Then Γ1b can be given by FGR as
Γ1b = 2π
∑
β 6=α
ρβ(ε)
∣∣∣∣
∫
dkφ∗β(k)Tβαφ(k)
∣∣∣∣
2
, (2)
where φβ(k) satisfies [Tββ + Eβ(k)]φβ(k) = εφβ(k) and
ρβ(ε) is the associated density of states.
Now we investigate the dependence of Γ1b on the trap-
ping frequency ωx,y,z. For simplicity, we consider the case
that the SOC is only applied in the x direction. In this
case, Eq. (2) yields Γ1b = πm
2ω4x
∑
β 6=α ρβ(ε)γβ/2, with
γβ = |
∫
dkxφ
∗
β(kx)[
∑
γ X
(x)
βγ X
(x)
γα ]φ(kx)|
2. Here φβ(kx)
satisfies [Tββ + Eβ(kx)]φβ(kx) = εφβ(kx). Obviously,
Γ1b depends on ωx through both the overall factor ω
4
x
and the term γβ . Moreover, according to the definition
of Tββ, φβ(kx) is an oscillating function of kx, and the
relevant frequency is approximately proportional to 1/ωx
(e.g., the semi-classical approximation gives φβ(kx) ∼
exp[i
√
m−1[ε− Eβ(kx)]kx/ω]). Therefore, when ωx is
increased, φβ(kx) oscillates slower in the kx-space, and
thus the overlap |
∫
dkxφ
∗
β(kx)[
∑
γ X
(x)
βγ X
(x)
γα ]φ(kx)|, the
factor γβ and the decay rate Γ1b become larger. Due to
this fact, although the ”nature” order magnitude of the
decay time 1/Γ1b is the one found in the main part of
Fig. 4 (∼ 100ms for system with ωx ∼ (2π)50Hz), when
ωx is decreased 1/Γ1b can be increased enormously by
sitting near a zero of γβ , as shown in the subset of Fig.
4a.
The collisional decay. For two atoms under scattering,
the total Hamiltonian is Hˆ2b = Hˆ0(1)+Hˆ0(2)+Uˆ(rˆ12) ≡
HˆF + Uˆ , with Hˆ0(i) for the free motion of the ith atom
(i = 1, 2). Here Uˆ(rˆ12) is the interaction potential of
the two atoms with the relative position rˆ12. We shall
consider the simple case where Uˆ is spin-independent. If
there were no SOC, Uˆ cannot induce transition between
different spin states or the atomic decay from excited spin
states. In the presence of the SOC, the free-motion state
of the two atoms, or the eigen-state of HˆF , becomes the
dressed state |c〉 ≡ |k1〉1|α1(k1)〉1|k2〉2|α2(k2)〉2. Here
we define c ≡ (k1, α1,k2, α2) as the set of the four quan-
tum numbers. As in above discussion, |α(k)〉 and |α′(k′)〉
can overlap with each other when α 6= α′. Then we
have 〈c|Uˆ |c′〉 6= 0 even if (α1, α2) 6= (α
′
1, α
′
2), and Uˆ can
introduce inelastic collisions or the transitions between
the states with different quantum number (α1, α2). This
leads to the decay of atoms from excited dressed states
(Fig. 1(b)).
The above discussions are applicable to both bosonic
and fermionic systems. Hereby we consider a system
of bosonic atoms condensed in an initial dressed state
|k0〉|α0(k0)〉 with atomic density n0. The characteristic
rate Γ2b for the collisional decay is defined as Γ2b = n0K,
with K = 2σv. Here σ is the total cross-section of the
inelastic collision, v is the relative velocity of the two
atoms before collision, and the factor 2 comes from the
bosonic statistics. According to the standard scattering
theory [18], the factor K is given by
K =
8
m2
∑
(α′
1
,α′
2
) 6=(α1,α2)
∫
dk′1 dk
′
2δE δK|f(c
′, c0)|
2 (3)
with c0 = (k0, α0,k0, α0) and f(c
′, c) is the scattering
amplitude between the incident state |c〉 and the output
state |c′〉 with c′ = (k′1, α
′
1,k
′
2, α
′
2). The Dirac δ functions
δE and δK mean that the two-atom total energy and total
momentum are conserved during the scattering, respec-
tively.
In Eq. (3), the scattering amplitude f is defined
as f(c′, c)δK = −2π
2m〈c′|Uˆ |c+〉, with |c+〉 the scat-
tering state given by the Lippman-Schwinger equation
|c+〉 = |c〉 + Gˆ0Uˆ |c+〉 with Gˆ0 = [Eα1(k1) + Eα2(k2) +
i0+ − HˆF ]
−1. In the presence of SOC, the Hamiltonian
of two colliding atoms is revised, and thus the few-body
properties are also strongly affected by SOC [6, 19–24].
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FIG. 2: Decay behavior of the BEC of 87Rb atoms in our ex-
periment. The measured fraction R(t) of condensate versus
different hold time th for cases with Ω = 0.6Er, δ = 6Er (a)
and Ω = 0.9Er, δ = −6Er (b), with the dispersion relation-
ships shown in the insets of (a) and (b), respectively. The
blue curve is obtained by fitting the experimental data with
our theoretical function of R(t).
With the calculations in Ref. [25], we find that
f(c′, c) = 2〈α
′
2(k
′
2)|1〈α
′
1(k
′
1)|
−1
1
a
+ 4pi
m
F
|α1(k1)〉1|α2(k2)〉2
(4)
with a the scattering length for the absence of SOC. The
operator F is defined as
F = i
m
4π
√
E −
(k1 + k2)2
4m
−
1
(2π)3
×
∑
β1,β2
∫
dp
(
1
∆β1β2
−
1
∆0
) ∏
j=1,2
|βj(pj)〉〈βj(pj)| ,(5)
with E = Eα1(k1) + Eα2(k2), p1,2 = (k1 + k2)/2 ±
p, ∆β1β2 = E + i0
+ − Eβ1(p1) − Eβ2(p2) and
∆0 = E + i0
+ − (p21 + p
2
2)/(2m). When m/(4πa)
is much larger than eigenvalues of F , one has f ≈
−a〈α′2(k
′
2)|α2(k2)〉〈α
′
1(k
′
1)|α1(k1)〉. This approximate re-
sult can be also obtained with the FGR approximation,
as in Ref. [6]. For large a, contribution from F becomes
significant, and the FGR fails. With Eqs. (3, 4), one can
obtain the factor K and the decay rate Γ2b.
Experiment. Our experimental layout has been de-
scribed in Ref. [4]. A BEC of 2.5×105 87Rb atoms in the
F = 1 manifold is created in an optical dipole trap with
frequencies of {ωx, ωy, ωz} = 2π × {30, 30, 50}Hz. The
SOC is realized via two Ramman beams [1–8, 26, 27].
The single-atom Hamiltonian in the x-direction is given
by Hˆx = Hˆ0x + Vˆ , with
Hˆ0x=


(pˆx+2kr)
2
2m −
δ
2
Ω
2 0
Ω
2
pˆ2
x
2m +
δ
2
Ω
2
0 Ω2
(pˆx−2kr)
2
2m +
3δ
2 + ǫ

 ,
and Vˆ = mω2xxˆ
2/2 the dipole trap potential. Here Ω
is the strength of Raman coupling, δ is the two-photon
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FIG. 3: The characteristic time τ = 1/(Knc) of the collisional
decay in our experiments. (a,c): τ as a function of Ω for
δ = 6Er (a) and δ = −6Er (c). (b,d): τ as a function of δ
for δ > 0 (b) and δ < 0 (d), with Ω = 1.2Er. The values of
τ obtained from experiments (open circle with error bar) are
compared with the theoretical calculation with Eqs. (3) and
(4) (blue solid line).
Raman detuning and ǫ is the quadratic Zeeman shift
given by a homogeneous bias magnetic field. Symbol kr
represents the recoil momentum, and Er = k
2
r/ (2m) =
2π× 2.21kHz is the recoil energy. Diagonalization of the
Hamiltonian Hˆ0x leads to three momentum-dependent
eigen-states |kx〉|α(kx)〉 (α = 0,±1) with eigen-energies
E−1 (kx) < E0 (kx) < E+1 (kx). Two examples of the dis-
persion curves are shown in the insets of Fig. 2(a,b).
For experiments with δ > 0, the BEC is first prepared
in the bare state |F = 1,mF = −1〉, and transformed
to the |mF = 0〉 state with a π-pulse. Then we adia-
batically turn on the SOC, so that the BEC is prepared
in the middle dressed state with α = 0 and kx around
some value k0, corresponding to the global minima of the
E0 (kx) curve for δ > 0 (the inset of Fig. 2(a)). In the ex-
periments with δ < 0, the SOC is adiabatically applied
on the BEC in the state |F = 1,mF = −1〉, and then
the system is prepared in the dressed state with α = 0
and kx around the local minima for δ < 0 (the inset
of Fig. 2(b)). The Raman coupling is held for a vari-
able duration th. During this time interval, the atoms
can decay from the initial dressed state with α = 0 to
those with α = −1 [5, 6]. At t = th, the Raman lasers
and the dipole trap are suddenly turned off. With the
Stern-Gerlach technique, a time-of-flight image is taken
to measure the number of atoms remained in the BEC
after the decay process. As an example, the fraction of
remaining atoms is shown in Fig. 2 as a function of th.
Data Analysis. The numerical calculations with Eqs.
(2, 4) show that in our system the rate Γ2b of the colli-
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FIG. 4: The characteristic times 1/Γ1b (blue solid line) and
1/Γ2b (magenta dashed line) of the trap-induced and colli-
sional decay of the system in current experiments. The pa-
rameters are set as Ω = 0.2Er and δ = 4Er, and the conden-
sate density is taken as 2.9 × 1013cm−3. We plot the decay
times as a function of the trap frequency ωx with the scat-
tering length a = 100a0 (a), and a function of the scattering
length a with ωx = (2pi)50Hz (b).
sional decay is of the order 10Hz. Nevertheless, the rate
of the trap-induced decay Γ1b is negligibly small in com-
parison with Γ2b. That is because in our experiments
with ωx = (2π)30Hz, the parameter γβ is nearly zero.
Therefore, the trap-induced decay in our experiments is
negligible, and we can safely consider the inelastic scat-
tering only. When two ultracold atoms with α = 0 decay
to the α = −1 branch, they likely become thermal due
to the large energy gap, which however, is not sufficient
for atoms to escape from the trap. These thermal atoms
will also collide with the condensed ones. Thus, the de-
creasing of the condensate density nc can be described
by
dnc/dt = −Kn
2
c − Lnc (n0 − nc) , (6)
where n0 ∼ 2.9 × 10
13cm−3 is the initial atomic den-
sity of the BEC, K is defined as before and the param-
eter L represents the collision rate between a thermal
and an atom in the condensate [28]. Then the BEC
fraction R(t) in the atomic cloud can be obtained as
R(t) = L/
[
L+K(etn0L − 1)
]
. The experimental data
were fitted by this function with both K and L as fitting
parameters (Fig. 2). Our result shows that in our exper-
iment, (n0L)
−1 & 300ms and the decay is mainly com-
pleted within 100ms. Therefore, the decay process can
be approximately described as R(t) ≈ 1/(1+ tKn0), and
the characteristic time of the collisional decay becomes
τ ≡ 1/Γ2b = 1/(n0K). The values of τ obtained from
our experimental results are shown in Fig. 3. We further
theoretically calculate the coefficient K with Eqs. (3)
and (4). The calculated values of the lifetime τ are also
plotted in Fig. 3 as blue curves. The agreement between
the theoretical and experimental results is very good [29].
This confirms our analysis of the decay mechanisms and
the calculations of scattering amplitude.
Discussion on the control of stability. In this work, we
show the two decay mechanisms of ultracold gases with
SOC, carried out the calculation of two decay rates, and
presented a comparison with experiments. This guides
us how to control the stability of excited dressed state in
current setup. For instance, as shown in Fig. 4, we plot
characteristic times 1/ Γ1b and 1/ Γ2b of the trap-induced
and collisional decay as functions ωx and a for the SOC
realized in current experiment. When ωx > (2π)60Hz, as
shown in Fig 4 (a), the decay is dominated by the trap-
induced decay, and then the decay rate can be controlled
by the trap frequency. As the trap frequency decreases,
the lifetime of excited state gets longer. However, when
ωx < (2π)60Hz, the collisional decay becomes dominat-
ing. In this region, the decay rate is no longer sensi-
tive to the trap frequency, but can be controlled by the
atomic density and the scattering length. For instance,
as shown in Fig 4(b), when ωx = (2π)50Hz, the life time
determined by the collisional decay can be increased by
reducing the scattering length a.
As emphasized before, our analysis and calculation
method are very general and can be applied to ultracold
gases with any kind of SOC. Thus, similar stability anal-
ysis as discussed above for current experimental system
can be straightforwardly carried out for other realizations
of SOC.
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